Although a polybasic HA 0 cleavage site is considered the dominant virulence determinant for highly pathogenic avian influenza (HPAI) H5 and H7 viruses, naturally occurring virus isolates possessing a polybasic HA 0 cleavage site have been identified that are low pathogenic in chickens. In this study, we generated a reassortant H5N3 virus that possessed the hemagglutinin (HA) gene from H5N1 HPAI A/swan/Germany/R65/2006 and the remaining gene segments from low pathogenic A/chicken/British Columbia/CN0006/2004 (H7N3). Despite possessing the HA 0 cleavage site GERRRKKR/GLF, this rH5N3 virus exhibited a low pathogenic phenotype in chickens. Although rH5N3-inoculated birds replicated and shed virus and seroconverted, transmission to naive contacts did not occur. To determine whether this virus could evolve into a HPAI form, it underwent six serial passages in chickens. A progressive increase in virulence was observed with the virus from passage number six being highly transmissible. Whole-genome sequencing demonstrated the fixation of 12 nonsynonymous mutations involving all eight gene segments during passaging. One of these involved the catalytic site of the neuraminidase (NA; R293K) and is associated with decreased neuraminidase activity and resistance to oseltamivir. Although introducing the R293K mutation into the original low-pathogenicity rH5N3 increased its virulence, transmission to naive contact birds was inefficient, suggesting that one or more of the remaining changes that had accumulated in the passage number six virus also play an important role in transmissibility. Our findings show that the functional linkage and balance between HA and NA proteins contributes to expression of the HPAI phenotype.
IMPORTANCE
To date, the contribution that hemagglutinin-neuraminidase balance can have on the expression of a highly pathogenic avian influenza virus phenotype has not been thoroughly examined. Reassortment, which can result in new hemagglutinin-neuraminidase combinations, may have unpredictable effects on virulence and transmission characteristics of a virus. Our data show the importance of the neuraminidase in complementing a polybasic HA 0 cleavage site. Furthermore, it demonstrates that adaptive changes selected for during the course of virus evolution can result in unexpected traits such as antiviral drug resistance.
A vian influenza viruses (AIV) belong to the genus Influenzavirus A in the family Orthomyxoviridae. Although wild waterfowl are considered the natural reservoir for all influenza A viruses, sporadic transmission to poultry and mammals can result in viruses that are adapted to a new host. The roles that the different viral genes play in this process, especially as it relates to tropism and virulence for domestic poultry species, are still not well understood.
Influenza A viruses contain a negative-sense, single-stranded, eight-segmented RNA genome that codes for at least 11 proteins. Viruses are categorized based on the hemagglutinin (HA) and neuraminidase (NA) envelope glycoproteins. Sixteen HA (H1 to H16) and 9 NA (N1 to N9) subtypes currently exist for AIV, but novel H17N10 and H18N11 virus subtypes have recently been identified in bats in Central America (1, 2) . Two major mechanisms are involved in the evolution of AIV. The error-prone nature of the viral RNA polymerase can give rise to point mutations in the different viral genes that can then be the target of selective pressures. The second major mechanism involves the exchange or reassortment of genes from different influenza virus subtypes that can give rise to viruses with novel antigenic and functional phenotypes (3) .
In most cases, the sporadic transmission of AIV from wild waterfowl to domestic poultry results in mild or subclinical disease with no or limited spread. The reason that many of these viruses fail to persist in poultry is often due to the fact that they are poorly adapted to their new host and thus unable to replicate and transmit efficiently. The viral changes that are associated with poultry adaptation, particularly for viruses of the H5 and H7 hemagglutinin subtypes, are of interest, since these two subtypes have the potential to evolve into a highly pathogenic (HP) form. The evolution of low-pathogenicity (LP) H5 and H7 viruses to HPAI viruses strongly correlates with the acquisition of multiple basic amino acids at the HA 0 cleavage site. This enables cleavage of HA 0 to HA 1 and HA 2 to be carried out by the proprotein convertase furin, allowing systemic spread of the virus (4). Proteolytic cleavage of HA 0 generates two disulfide-linked subunits, HA 1 and HA 2 , which exposes a fusion peptide at the newly formed amino-terminal end of HA 2 . During receptor mediated endocytosis of the virus, a low-pH-induced conformational change of the HA takes place, and this allows the fusion peptide to initiate the merging of the viral envelope with host endosomal membranes, a step necessary for influenza virus infectivity (5) . Even though a polybasic HA 0 cleavage site is considered to be the dominant virulence determinant of HPAI H5 and H7 viruses (reviewed in reference 6), there have been instances where it has not been sufficient to confer a highly pathogenic phenotype (7, 8, 9) . This implies that the evolution of a LPAI virus to a HPAI virus must involve additional changes in the other gene segments. For instance, PB2, PB1, and NP (10) genes have all been shown to contribute to the virulence of HPAI H5N1 viruses in chickens and the PA gene to virulence in ducks (11) .
To further identify viral determinants that contribute to AIV transmission and virulence, we used reverse genetics to generate two reassortant viruses that possess the HA gene from the HPAI H5N1 isolate A/swan/Germany/R65/2006 (Germany/R65). The HA of this virus has the polybasic HA 0 cleavage site PQGERRRK KR/GLF. One reassortant (rH5N1) possesses the HA and NA genes of Germany/R65 and the remaining six gene segments from the LPAI H7N3 isolate A/chicken/British Columbia/CN006/2004 (BC/CN006), while the second reassortant (rH5N3) possesses the HA of Germany/R65 and the remaining seven gene segments of BC/CN006. Since rH5N1 and rH5N3 viruses contained identical polybasic HA 0 cleavage sites, we predicted that both should be highly pathogenic for chickens. As it turned out, rH5N1 had an HPAI phenotype, while rH5N3 did not. Passaging rH5N3 six times in chickens led to a progressive increase in virulence. Our findings support previous observations that suggest that the activities of the HA and NA proteins are functionally linked, and their balance in this case is essential for expression of the highly pathogenic phenotype.
MATERIALS AND METHODS
Generation of recombinant viruses. The recombinant viruses used in the present study were derived from the LP H7N3 avian influenza virus isolate A/chicken/British Columbia/CN006/2004 (BC/CN006), the HP H7N3 avian influenza virus isolate A/chicken/British Columbia/CN007/2004 (BC/CN007), and the HP H5N1 avian influenza virus isolate A/swan/ Germany/R65/2006 (Germany/R65) (12) . LPAI BC/CN006 was shown to be the immediate precursor of HPAI BC/CN007 (13) . The GenBank accession numbers of the gene segments used to generate the recombinant viruses are KP055066 to KP055076. RNA was extracted from stock virus preparations that had been propagated in embryonated chicken eggs (ECE) using TriPure isolation reagent (Roche Diagnostic Corp., Indianapolis, IN) according to the manufacturer's instructions. The 8 viral gene segments were amplified by reverse transcription-PCR (RT-PCR) according to the protocol described by Hoffmann et al. (14) and then cloned into the influenza A virus eight-plasmid DNA transfection system pHW2000 (15) . Prior to transfection, all expression plasmids were sequenced to confirm their identity. Cocultures of human 293T embryonic kidney and Madin-Darby canine kidney (MDCK) cells in six-well culture dishes were transfected with a DNA transfection mixture that consisted of 1 g of each plasmid (8 g of total DNA per well) plus 16 l of TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI) in 2 ml of Opti-MEM medium (Life Technologies, Burlington, Ontario, Canada). At 6 h after transfection, the transfection medium was replaced with RPMI medium, and the cultures were monitored daily for cytopathic effect. Rescued viruses were amplified in T-75 flasks of MDCK cells.
Plaque assay. Plaque assays were performed in MDCK cells that were grown to 95 to 100% confluence in 24-or 48-well Corning tissue culture plates. Virus containing material was adsorbed onto the cells for 1 h at 37°C; the inoculum was then removed, and 2ϫ Dulbecco modified Eagle medium (DMEM) mixed with 3% carboxymethyl cellulose (Sigma, Oakville, Ontario, Canada) at 1:1 ratio was applied as an overlay. After 48 to 72 h of incubation, the cells were fixed with 10% formalin in phosphate-buffered saline (PBS) and permeabilized with 10% acetone in PBS. Viral plaques were immunostained by sequential incubation with influenza A virus nucleoprotein monoclonal antibody F28 (16) , horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch, Inc., West Grove, PA), and True Blue peroxidase substrate (KPL, Gaithersburg, MD).
Sequencing of influenza virus genes. All eight genes from the rescued viruses were sequenced to confirm their identities. The gene segments were amplified in a one-step RT-PCR using a universal primer set (14) and a high-fidelity RT-PCR kit (Invitrogen; SuperScript III One-Step RT-PCR System with Platinum TaqHigh Fidelity). RT-PCR amplicons were cloned into pCR4-Topo (Invitrogen) and used to transform OneShot TOP10 or Mach-T competent E. coli. The resulting plasmids were sequenced using BigDye Terminator chemistry version 3.1 (Life Technologies) and an Applied Biosystems 3130xl genetic analyzer.
In vitro characterization of viruses. Multistep growth kinetics of each virus was determined in MDCK and quail fibrosarcoma QT-35 cells. Cells grown in six-well culture dishes were inoculated with each recombinant reassortant virus at a multiplicity of infection (MOI) of 0.0001 or 0.00001. The virus inoculum was allowed to adsorb for 1 h; the residual inoculum was then removed, the cell monolayers were washed three times with PBS, and 3 ml of fresh infection medium without trypsin was added. Culture supernatants were sampled at selected time points postinoculation for plaque titration.
In vivo characterization of viruses. The pathogenic phenotypes of the viruses generated were assessed in 4-to 6-week-old White Leghorn chickens (Gallus gallus domesticus). Briefly, 10 specific-pathogen-free (SPF) chickens were inoculated intravenously with 0.1 ml of virus stock that had been diluted 1:10 in sterile PBS. Virus stocks had a minimum titer of 512 hemagglutination units/25 l of allantoic fluid. Birds were observed daily for a total of 10 days and given a clinical score, as described in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (17) . The intravenous pathogenicity index (IVPI) is the mean score per bird per observation over the 10-day period. A maximum score of 3.00 means that all birds died by 24 h postinoculation. Viruses with an IVPI of Ͼ1.2 are considered highly pathogenic. In an attempt to determine the 50% lethal dose (LD 50 ), groups of five White Leghorn chickens were inoculated intranasally with 0.2 ml of 10-fold serial dilutions of virus.
Serial passaging of recombinant reassortant H5N3 virus in chickens. Serial passaging of rH5N3 began with a cloacal swab specimen that was taken at 10 days postinoculation (dpi) from a single bird (Ck#544) belonging to a group of five chickens that were intranasally inoculated with 40,000 PFU of rH5N3 as part of an experiment to determine the LD 50 . The cloacal swab material was treated with an antibiotic cocktail consisting of streptomycin, vancomycin, gentamicin, and nystatin prior to inoculating into the allantoic cavity of 9-day-old ECE. The virus in the allantoic fluid harvested at 2 dpi, considered passage 1 (P1), was titrated on MDCK cells prior to intranasally inoculating the next group of five chickens with a dose of 40,000 PFU/bird. A 10% tissue homogenate was prepared using lung collected at 6 dpi from one of these birds (Ck#577), and the resulting virus isolated in ECE was considered passage 2 (P2). The allantoic fluid containing the P2 virus which had a HA titer of 1:128 was diluted 1:100 in PBS and 0.5 ml/bird used to intranasally inoculate five chickens. Brain tissue collected from a single bird (Ck#585) at 6 dpi was used to inoculate ECE, from which P3 virus was derived. The allantoic fluid containing this virus was diluted 1:100, and 0.5 ml/bird was used to intranasally inoculate an additional five chickens. P4 virus was derived from ECE inoculated with brain homogenate of Ck#589 harvested at 5 dpi. The allantoic fluid containing the P4 virus was diluted 1:100 in PBS and used to intranasally inoculate five chickens. Brain tissue collected from Ck#636 at 5 dpi was used to isolate P5 virus in ECE. Allantoic fluid containing P5 virus was diluted 1:100 in PBS, and 0.5 ml/bird was used to intranasally inoculate an additional five chickens. P6 virus was derived from brain collected from Ck#640 at 4 dpi. RNA was extracted from rH5N3 isolates P0 to P6 using a Qiagen RNeasy minikit (Qiagen, Toronto, Ontario, Canada), and sequences of the eight viral gene segments were confirmed as described above.
Serology. Serum samples collected at 0, 7, 10, and 20 dpi were tested for influenza A virus-specific nucleoprotein antibodies using a competitive enzyme-linked immunosorbent assay described previously (16) . These sera were also tested for anti-HA antibodies by a hemagglutination inhibition (HI) test using 4 hemagglutination units of A/teal/Germany/ Wv632/2005 (H5N1) antigen and a 0.5% (vol/vol) suspension of chicken erythrocytes.
Neuraminidase inhibition assay. Oseltamivir resistance of P0 rH5N3 and P6 rH5N3 viruses was assessed by using the NA-Star (Life Technologies) chemiluminescent neuraminidase inhibition assay according to the manufacturer's instructions. Briefly, Triton X-100 was added to 0.5 ml of infectious allantoic fluid that contained equivalent hemagglutination units of each virus to give a final concentration of 1% (vol/vol). The virus sample was diluted in NA-Star assay buffer, and 25 l was added to wells containing 25 l of serially diluted (10 half-log dilutions) oseltamivir. The plate was incubated for 20 min at 37°C, after which 10 l of NA-Star substrate was added. The plate was then incubated for a further 30 min at room temperature. The chemiluminescent signal was read, and the averaged signal intensity was exported for nonlinear curve fitting and 50% inhibitory concentration (IC 50 ) calculation.
NA enzyme kinetic assays. The NA enzyme activities of P0 rH5N3 and P6 rH5N3 viruses were determined by using a fluorometric assay (18) . Briefly, both virus stocks were adjusted to a concentration of 10 6 PFU/ml in minimal essential medium containing 0.1% (wt/vol) bovine serum albumin. Then, 5 l of each virus preparation was incubated in triplicate at 37°C with the fluorogenic substrate MUNANA [2=-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid] at concentrations that ranged from 0 to 2,000 M. Reactions were performed in a round-bottom 96-well white plate. Fluorescence was monitored every 90 s for 60 min at 37°C using excitation and emission wavelengths of 360 and 460 nm, respectively. The Michaelis constant (K m ) and the maximum velocity (V m ) were calculated by using Prism software (GraphPad5) and fitting the data to Michaelis-Menten equations using nonlinear regression. An extra sum of square F-test was used to compare individual values to Mx10, and a P value was determined. Each experiment was performed three times.
Virus elution assay. The ability of the NA to elute virus from chicken erythrocytes was assessed according to the procedure described by Castrucci and Kawaoka (19) . Briefly, 50 l of 2-fold serial dilutions of virus preparations adjusted to a HA titer of 1:128 were made in calcium saline (6.8 mM CaCl 2 -154 mM NaCl in 20 mM borate buffer [pH 7.2]) and incubated with 50 l of 0.5% chicken erythrocytes in V-bottom microtiter plates at 4°C for 1 h. The microtiter plates were then incubated at 37°C, and changes in HA titers were recorded hourly.
RNA extraction and qRT-PCR. Total RNA was extracted from 1 ml of clarified oropharyngeal and cloacal swab samples using the MagMax-96/ AI/ND Viral RNA Isolation kit (Ambion, Austin, TX) according to the manufacturer's protocol. To quantify the amount of viral RNA in each swab, a quantitative RT-PCR (qRT-PCR) specific for the influenza A virus M1 gene was performed as previously described (20) . Standard curves were generated for each run using serial dilutions of full-length in vitrotranscribed influenza A virus segment 7. The nucleic acid copy number in each specimen was extrapolated from the standard curve.
Histopathology and immunohistochemistry.
Tissue samples (brain, trachea, lung, liver, spleen, cecal tonsil, pectoral muscle, kidney, heart, pancreas, jejunum, proventriculus, bursa of Fabricius, and thymus) were collected from each bird and fixed in 10% neutral buffered formalin for a minimum of 48 h, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Tissues were screened, and a subset was selected for microscopic examination and immunohistochemical testing. Microscopic lesions were assessed semiquantitatively as mild, moderate, or severe. For immunohistochemistry, paraffin-embedded tissue sections were quenched for 10 min in aqueous 3% H 2 O 2 and then pretreated with proteinase K for 15 min. Mouse monoclonal antibody F26NP9, specific for influenza A nucleoprotein (16) , was used at a 1:10,000 dilution for 1 h. Influenza antigen in tissue sections was then visualized using a horseradish peroxidase-labeled polymer (Envisionϩ system anti-mouse, Dako, USA) that reacted with the chromogen diaminobenzidine (DAB). The sections were counterstained with Gill's hematoxylin.
Generation of N3 mutants. Based on the sequence of the NA gene segment for rH5N3 P0, a mutant gene sequence was synthesized at GenScript USA, Inc. (Piscataway, NJ), and then cloned into pHW2000 and used to generate a N3 mutant in an rH5N3 P0 background. This NA mutant, NA-3-R293K, contained a lysine in the place of an arginine at amino acid residue 293.
Statistical analysis. Statistically significant differences between experimental groups were determined using Student t test and analysis of variance (ANOVA) with the SYSTAT 10 software package. Multiple comparison testing using the Bonferroni t test was performed following ANOVA. P values of Ͻ0.05 were considered statistically significant.
RESULTS

Evaluation of the biological characteristics of recombinant viruses.
The rescued recombinant viruses rH7N3 (the HA gene derived from BC/CN007 and the remaining gene segments derived from BC/CN006), rH5N1 (the HA and NA genes from Germany/ R65 and the remaining gene segments from BC/CN006), and rH5N3 (the HA gene from Germany/R65 and the remaining genes segments from BC/CN006) were sequenced to confirm their identities prior to evaluating their in vitro and in vivo biological characteristics (Fig. 1) . Since rH5N1 and rH5N3 contain identical polybasic HA 0 cleavage sites, we predicted that both viruses should be highly pathogenic for chickens. IVPI testing of rH7N3, rH5N1 and rH5N3 carried out in 4-to 6-week-old chickens produced scores of 3.0, 2.3, and 0.0, respectively. The LD 50 of each recombinant was estimated by intranasally administering 10-fold serial dilutions of virus to groups of five chickens. Figure 2 shows the kill curves for each recombinant virus. Although rH7N3 and rH5N1 each produced 100% mortality within 6 days of intranasally inoculating 10,000 PFU virus/bird, chickens inoculated with 400,000 PFU of rH5N3 showed no clinical signs over a 20-day observation period, despite the fact that they replicated and shed virus via the oropharyngeal and cloacal routes and seroconverted by 7 dpi.
To determine whether the observed differences in pathogenicity could be correlated with growth characteristics in vitro, the replication kinetics of rH7N3, rH5N1, and rH5N3 were compared in MDCK and QT-35 cells. Confluent monolayers of MDCK and QT-35 cells were inoculated with each recombinant virus at an MOI of 0.00001 in the absence of exogenous trypsin. Culture supernatants were sampled immediately following the 3ϫ PBS wash that followed virus adsorption and at 24, 48, 72, and 96 h postinoculation and titrated on MDCK cells. All three viruses grew in both cell lines in the absence of exogenously added trypsin with minor differences in the magnitude of replication among the three (Fig. 3 ). An accelerated production of rH5N3 was noted at earlier time points in MDCK and QT-35 cells.
Serial passaging of rH5N3 in chickens. Despite the possession of a polybasic HA 0 cleavage site and replication characteristics in chickens and cell culture that were comparable to those of highly virulent rH5N1 and rH7N3 viruses, rH5N3's display of a nonvirulent phenotype suggested that additional viral determinants were required for expression of high pathogenicity. To assess whether rH5N3 was capable of evolving into a phenotypically HPAI virus, it was serially passaged six times in chickens. A total of five chickens were intranasally inoculated with each virus passage as described in Materials and Methods, and virus was reisolated from a cloacal swab at P1, lung tissue at P2, and brain tissue at P3 through P6. A progressive increase in virulence, as evidenced by clinical signs and mortality, was observed from P0 to P6. Repeat of the IVPI on P0 rH5N3 confirmed the score of 0. IVPI results for P2 rH5N3, P4 rH5N3, and P6 rH5N3 viruses were 1.55, 2.55, and 2.71, respectively (Fig. 4) , showing that after only two passages in chickens we could obtain a HPAI virus. Histopathological and immunohistochemical analysis of tissues collected from rH5N3 P0-and rH5N3 P6-infected chickens at 1, 2, and 3 dpi revealed distinct differences (Table 1) . Viral antigen could be detected within the spleen as early as 1 dpi in the P6 rH5N3 birds, whereas no viral antigen was detected in any tissue analyzed in the P0 rH5N3-inoculated birds. By 2 dpi, the most significant differences between the two groups were observed within the brain. In the P0 rH5N3 group no significant lesions were observed, except for one very small focus of mild inflammation in one bird, and no viral antigen was detected in any of the brains at this time point. In the P6 rH5N3 group, 3/3 animals had mild lesions in the brain with viral antigen detected in all three brains. By 3 dpi, moderate brain lesions, including gliosis, necrosis, meningitis, and perivascular cuffing with mononuclear cells, could be observed multifocally throughout the brain in all of the P6 rH5N3-inoculated birds (Fig.  5A) . Abundant viral antigen could be detected extensively in the brain, including the ependymal epithelial cells, neurons, and neuropil (Fig. 5B) . In contrast, 2/3 P0 rH5N3-inoculated birds did not have lesions, and one bird had only mild lesions characterized by perivascular cuffing in the periventricular area (Fig. 5C ). In one of the birds there was a prominent focus of immunostaining that was primarily limited to ependymal cells (Fig. 5D ). In the other two birds immunostaining was negative or very weak (Ͻ5 cells). In general, lesions observed in the heart, spleen and lung were similar between the two groups, but overall more viral antigen could be detected in the P6 rH5N3 group for all three tissues. Significant lesions of the cecal tonsil and pancreas were only present in the P6 rH5N3 group (Table 1) .
To determine the differences between the virus isolates obtained through passaging in chickens at the genotype level, wholegenome sequencing of P0 through P6 rH5N3 viruses revealed a total of 12 nonsynonymous mutations involving all eight gene segments ( Table 2 ). The arginine-to-lysine substitution at amino acid position 293 (R293K; R292K for N2 numbering) of the NA protein was of particular interest to us since this amino acid, along with R118, D151, R152, R225, E278, R370, and Y405, forms the catalytic site. The R293K substitution has been associated with decreased enzyme activity, resistance to oseltamivir, and compromised fitness and transmissibility in ferrets (21, 22) . Comparison of the neuraminidase activities of P0 rH5N3 and P6 rH5N3 revealed that although the K m did not significantly differ between the two viruses (K m P0 rH5N3 ϭ 995.9 M Ϯ 59.04; K m P6 rH5N3 ϭ 1,113 M Ϯ 48.89; P ϭ 0.5612), there was a 4-fold reduction in the V max of P6 rH5N3 relative to P0 rH5N3 (V max P0 rH5N3 ϭ 3.115 relative fluorescent units/s Ϯ 0.8894; V max P6 rH5N3 ϭ 0.7626 relative fluorescent units/s Ϯ 0.01673; P Ͻ 0.0001). This finding was supported by the results of the chicken erythrocyte elution assay (Fig. 6 ) in which a progressive reduction in HA titer was observed in P0 rH5N3 relative to P6 rH5N3 over a 6-h period. Oseltamivir resistance was also confirmed for P6 rH5N3, which had an IC 50 of 2726.25 nM compared to an IC 50 of 1.81 nM for P0 rH5N3 determined by neuraminidase inhibition assay. To further analyze whether the differences in pathogenicity between P0 and P6 rH5N3 viruses were also evident in vitro, multistep growth kinetics for P0 rH5N3 and P6 rH5N3 were assessed on MDCK and QT-35 cells (Fig. 7) . The replication kinetics of both viruses were comparable in QT-35 cells with the exception of 48 h postinoculation, at which point there was a statistically significant difference between P0 rH5N3 and P6 rH5N3 titers (Fig. 7A) . P6 rH5N3 replication in MDCK cells was significantly impaired compared to that of P0 rH5N3 at all time points assayed (Fig. 7B) . Overall, this indicates that the changes in P6 rH5N3 resulted in a relative loss of replication efficiency in mammalian cells compared to avian cells. Although there did not appear to be any difference in the replication kinetics between P0 and P6 rH5N3 viruses in QT-35 cells, there was a significant difference (P Ͻ 0.001) in the size of the plaques formed by the two viruses. The mean plaque size for P0 rH5N3 was 377 Ϯ 55 m (n ϭ 33), whereas the mean plaque size for P6 rH5N3 was 631 Ϯ 78 m (n ϭ 26), suggesting more efficient cell-to-cell spread of P6 rH5N3.
FIG 2 Survival of White Leghorn chickens following intranasal inoculation
with reassortant viruses. Four-to six-week-old chickens were inoculated intranasally with 0.2 ml of an inoculum containing various PFU of the respective reassortant viruses and mortality was monitored over a period of 20 days. (A) Five chickens each were inoculated with 10,000, 1,000, or 100 PFU of rH5N1. (B) Five chickens each were inoculated with 10,000, 1,000, or 100 PFU of rH7N3. (C) Five chickens each were inoculated with 400,000, 40,000, or 4,000 PFU of rH5N3. Transmissibility of P0 rH5N3 versus P6 rH5N3. To compare the transmissibility of P0 rH5N3 and P6 rH5N3 viruses, 10 SPF chickens, housed in separate containment cubicles, were oronasally inoculated with 4.0 ϫ 10 4 PFU of each virus. After 24 h, five naive contact chickens were placed in each cubicle and allowed to commingle with the inoculated birds for the remainder of the experiment. All P0 rH5N3-inoculated birds and their respective contacts survived the entire 20-day observation period. In contrast, all of the P6 rH5N3-inoculated birds died by 5 dpi, and only one of the five contact birds had survived at the end of the 20-day observation period (Fig. 8A and C) . While the levels of oropharyneal and cloacal virus shedding in P0 rH5N3-and P6 rH5N3-inoculated birds were similar, only the P6 rH5N3 contacts shed virus at detectable levels just prior to death. Although all P0 rH5N3-inoculated birds tested positive for NP and HI antibodies at the end of the 20-day observation period (data not shown), the respective contact birds did not, indicating that P0 rH5N3 did not transmit bird to bird.
Amino acid substitution R293K in the NA protein contributes to the highly pathogenic phenotype of P6 rH5N3. Since rH5N1, which had an IVPI of 2.30, and P0 rH5N3, which had an IVPI of 0, differed only by their NA genes, we hypothesized that the increased virulence of P6 rH5N3 could be attributed to the amino acid substitutions that had occurred in the N3 protein and, more specifically, to the single R293K amino acid substitution in the catalytic site of the NA. To test this, a mutant of P0 rH5N3 was generated that contained the modified NA gene NA-3-R293K. IVPI testing of the NA-3-R293K mutant virus resulted in a score of 2.44, suggesting that this single amino acid substitution significantly contributed to the increases in IVPI scores associated with P2 rH5N3 (1.55), P4 rH5N3 (2.55), and P6 rH5N3 (2.71) viruses.
To assess transmissibility of this mutant virus, 10 SPF chickens were intranasally inoculated with 4.0 ϫ 10 4 PFU of virus and, 24 h later, 5 naive contact chickens were placed in the animal cubicle and allowed to commingle with the inoculated birds for the remainder of the experiment. Four of the inoculated birds died or The microtiter plates were then incubated at 37°C, and the reduction in HA titers was recorded every hour over a period of 6 h. had to be euthanized at 6 dpi. Clinical signs in those birds were depression, ataxia, and green feces. All of the surviving inoculated birds tested positive for NP antibodies at 16 dpi, and five of the six had positive H5 HI titers. Only one of the five contact birds had virus-positive oropharyngeal and cloacal swabs. This bird developed NP antibodies at 6 days after contact and was euthanized at 8 days after contact with severe depression and hemorrhages on the feet. The remaining contact birds were all seronegative at 15 days postcontact. Altogether, these findings show that although the R293K substitution contributed significantly to virulence by increasing the IVPI, it only partially enhanced the contact transmission characteristics of the virus. Hence, in addition to the interplay between HA and NA, other determinants were necessary for virus transmissibility.
DISCUSSION
In this study a reassortant H5N3 virus that possessed the HA gene from H5N1 HPAI Germany/R65 and the remaining gene segments from H7N3 LPAI BC/CN006 was generated using reverse genetics. Based on the presence of a polybasic HA 0 cleavage site, we predicted that this rH5N3 virus should exhibit a highly pathogenic phenotype in chickens. Despite the fact that this virus replicated efficiently in cell culture in the absence of trypsin and could infect and replicate in chickens, as well as induce seroconversion, it was not pathogenic in this host. By serially passaging this rH5N3 virus in chickens, a progressive increase in virulence was observed. P6 rH5N3 produced an IVPI of 2.71 and was highly transmissible to naive contact birds. This change in phenotype was associated with a corresponding change in genotype. Changes involving the NA of rH5N3 were of particular interest since the rH5N1 virus which possessed the HA and NA genes of Germany/R65 and the remaining genes of BC/CN006 was highly pathogenic in chickens, suggesting that the NA plays an important role in expression of the highly pathogenic phenotype. Although the HA 0 cleavage site of H5 and H7 subtype viruses is considered the dominant virulence determinant of HPAIV, virulence is nevertheless considered to be a polygenic trait. Early studies by Rott et al. (23) showed that the pathogenicity of a HPAI H7N1 virus for chickens could be attenuated after reassortment with equine, swine, or human influenza A viruses even when the reassortants retained the HA and NA of the parent virus. A follow-up study by Webster et al. (24) demonstrated that not all reassortants that contained the HA and M genes of HPAIV A/chicken/Pennsylvania/1370/83 (H5N2) and the remaining gene segments from wild duck, shorebird, and domestic poultry viruses resulted in a HPAI phenotype. These researchers found that a disproportionate number of reassortant viruses that contained gene constellations of shorebird or avirulent H5N2 live bird market origin were highly pathogenic in chickens, suggesting that not all gene constellations were capable of complementing the HA gene from chicken/Penn (H5N2). Field isolates and laboratory generated viruses have further confirmed that a polybasic HA 0 cleavage site is necessary but not sufficient to confer a HPAI phenotype. To illustrate, a H5N2 virus isolated from a broiler flock and two live bird markets in Texas in 2004 was phenotypically low pathogenic, although possessing the HA 0 cleavage site PQRKKR/ GLF and hence genotypically HPAIV (7). Discordant results between molecular and in vivo tests used to characterize virus patho- genicity were retrospectively recognized for other H5 field virus isolates (8, 9) , as well as non-H5/H7 viruses that had been engineered to contain polybasic HA 0 cleavage sites (25, 26, 27) . For example Stech et al. (26) showed that inserting a polybasic cleavage site identical to that of HPAI A/chicken/Italy/8/98 (H5N2) into the HA of the LPAI A/duck/Ukraine/1/63 (H3N8) virus was not sufficient to immediately transform it into a highly pathogenic virus, despite the fact that it was able to replicate in tissue culture in the absence of exogenous trypsin. This implied that the evolution of highly pathogenic H5/H7 viruses from low-pathogenic precursors might also involve other changes in addition to a polybasic HA 0 cleavage site. In contrast, Veits et al. (27) reported that avian influenza viruses with H2, H4, H8, and H14 hemagglutinins could support a HPAI phenotype after acquiring a polybasic HA 0 cleavage site. However, this approach has yielded different results for H6 viruses. Although the insertion of a polybasic cleavage site in the H6N1 virus A/mallard/Sweden/81/02 (28) supported a HPAI phenotype in vivo, the insertion of a polybasic cleavage site in the H6N2 A/turkey/Germany/R617/07 virus did not (27) , indicating that other "cryptic" virulence determinants are also involved in expression of the highly pathogenic phenotype in vivo.
The involvement of such cryptic virulence determinants has been supported by results from a number of studies (8, 25, 29) .
rH7N3, rH5N1, and rH5N3 all possess identical internal gene segments and differ only in their HA and NA genes. While rH7N3 and rH5N1 were highly pathogenic in chickens, rH5N3 was not, implying that the interplay between HA and NA was at the root of the difference in pathogenicity between rH5N1 and rH5N3 viruses. Although it has been well established that HA-NA functional balance impacts virus replication efficiency, the results of the present study suggest that HA-NA balance can also influence expression of the HPAI phenotype. HA and NA both recognize sialic acid-containing receptors on target cells with HA binding to sialic acid receptors required to initiate virus infection and cleavage of sialic acid from receptors by NA required to facilitate the release of progeny virus from infected cells. The interaction between HA receptor binding and NA receptor destroying activities has been reported to affect virus replication efficiency in eggs and cell culture (30, 31) . HA-NA balance can be disturbed by reassortment, transmission to a new host, or treatment with neuraminidase inhibitors. Reassortants expressing avian H3, H4, H10, and H13 subtypes in combination with a human N1 replicated poorly in ECE compared to the parental viruses and were associated with the formation of virus aggregates (32) . Serial passaging of these reassortants in ECE resulted in high-yielding nonaggregating variants which contained compensatory mutations in the HA that resulted in decreased affinity for sialic acid containing receptors (33) . Amino acid substitutions involving conserved residues associated with the enzymatic active site of NA can affect its catalytic functions. This in turn has been reported to compromise virus replication in some animal models (21, 22) . The R293K substitution found in P2-P6 rH5N3 viruses in this study was associated with a progressive increase in pathogenicity, as determined by IVPI, a reduction in neuraminidase activity and resistance to the neuraminidase inhibitor oseltamivir. This association of enhanced pathogenicity was confirmed by introducing the R293K substitution into the NA of P0 rH5N3, which resulted in an IVPI increase from 0 to 2.44. It should be noted that the NA of Germany/R65 (GenBank accession DQ464355) possesses a 20-aminoacid deletion in its stalk (the deletion of amino acids 49 to 68). NA stalk deletions have been associated with increased host range, changes in the ability of the virus to replicate in vivo, reduced NA enzymatic activity, and in some instances increased virus virulence (34, 35, 36) . Influenza A viruses with shorter NA stalks were found to have a decreased ability to elute from red blood cells (19, 34, 37) . This is thought to be due to their reduced ability to access sialic acid substrates properly, possibly because the enzyme active site is located too close to the viral envelope. We speculate that the R293K substitution in the NA of rH5N3 might compensate for the stalk deletion found in the NA of Germany/R65, thus restoring HA-NA balance and contributing to increased pathogenicity. In this regard, the finding that rH5N3 P6 formed significantly larger plaques in QT-35 cells compared to rH5N3 P0, suggests more efficient cell-to-cell spread. This could be linked to increased "stickiness" of the virus imparted by the R293K substitution, which may in turn have other effects on traits such as transmissibility.
To date, one naturally occurring H5N3 HPAI virus has been recognized. A/tern/South Africa/1961 (H5N3) was responsible for an explosive die-off common terns (Sterna hirundo) along the coast of the Cape Province of South Africa during April of 1961 (38) . The HA (GenBank accession U20460.1) of this virus has the HA 0 cleavage site PQRETRRQKR/GLF and has a wild-type K293 in its NA (GenBank accession AY207524.1) but no deletion involving the NA stalk. A comprehensive analysis of NA sequences with a focus on stalk deletions was recently reported by Li et al. (39) . Of the 58 natural H5N3 virus isolates for which NA sequences were analyzed, 3 or roughly 5% had a deletion in the stalk and some of these were responsible for outbreaks in poultry. In addition to reduced NA enzymatic activity (34), a shortened NA stalk has been associated with adaptation to gallinaceous poultry (36) . A matching reduction in HA affinity for receptor binding often accompanies NA stalk deletions/reduced enzymatic activity in order for efficient virus replication to be maintained (30, 40) . In this regard additional glycosylation sites on HA 1 have been reported to compensate for the decreased NA activity that is associated with a truncated NA stalk (30, 41) . It is worth noting that the HA 1 of Germany/R65 has four glycosylation sites, while the HA 1 of BC/CN006 and BC/CN007 have only three. This difference in HA 1 glycosylation of the H5 of Germany/R65 when paired with the N3 from BC/CN006 may have predisposed rH5N3 to an initial HA-NA imbalance which was overcome by the R293K substitution involving the catalytic site of the NA. The reason for why a NA stalk deletion was not observed is not known, but could involve unknown constraints for this particular gene constellation. Although the 11 other amino acid substitutions that were found in rH5N3 P6 were not experimentally assessed for their ability to contribute to increased virulence and transmissibility, a search of the literature failed to identify any of them as having associations with increased virulence for poultry.
Although the subject of the research described here, a reassortant between a HPAI Eurasian and a LPAI North American lineage virus, may at one time have been considered unlikely to occur in nature, this very event did occur in 2014. In late November 2014, a novel reassortant HPAI H5N2 virus that contained gene segments related to Eurasian H5N8 was detected in a domestic turkey and broiler breeder flock in British Columbia, Canada (42) . Shortly thereafter, Eurasian HPAI H5N8 and reassortant HPAI H5N2 viruses were isolated from wild birds in Washington, USA (43) . A second novel reassortant HPAI H5N1 virus was sub-sequently isolated from a hunter-killed green-winged teal in Washington, USA (44) . The gene constellation of this reassortant differed from the earlier H5N2 reassortant. A nearly identical HPAI H5N1 was later isolated from a backyard chicken flock near Chilliwack, British Columbia, in February 2015. Despite the fact that the reassortant HPAI H5N2 has become dominant causing widespread outbreaks in several midwestern states in the United States, novel reassortant viruses possessing unique phenotypes may still be generated.
In summary, we show that following reassortment not all gene constellations are immediately capable of complementing a HA with a polybasic cleavage site and that HA-NA balance is important in the expression of the HPAI phenotype. Furthermore, since it may only take a few passages in chickens for a genotypically HPAI virus to become phenotypically HPAI, all H5 and H7 viruses with a polybasic HA 0 cleavage site should be treated as HPAI. Lastly, unexpected phenotypic traits such as resistance to antiviral drugs may also arise following reassortment and passaging in domestic poultry which can have significant public health implications.
